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Ribosomal Kinetics and Accuracy: Sequence
Engineering to the RescuePrecise determinations by Spencer et al. of local
elongation rates in the translation of several mRNA
variants for a luciferase gene are in rough agreement
with a simple model in which the main determinant
of the codon-dependent rates is the nature of the
association between the nucleotide in the third
position of the codon and the corresponding
nucleotide in the anticodon of the cognate tRNA
(Watson–Crick or non‐Watson–Crick), in addition
to the obvious cognate tRNA abundance factor. In
contrast, recent theoretical proposals, based upon a
widely accepted framework for ribosomal kinetics,
predict a dominant role for either near-cognate or
non-cognate interactions. Local elongation rate
studies may thus clarify fundamental aspects of
ribosomal kinetics and accuracy.
We know that ribosomes do not move uniformly
along the mRNA to be translated. We also know that
elongation rate modulations are necessary, in some
cases, for correct protein folding during their
synthesis.1,2 In an early work, Siller et al. showed,
using ribosomes with low elongation rates, that a
“generalized reduction in translation speed” in a
bacterial system enhanced eukaryotic protein folding
efﬁciency.3 Spencer et al. now investigate in detail
how synonymous codon replacements in synthetic
mRNAs for a luciferase protein impinge on the local
elongation rates and the folding error levels.4
In the design of the mRNA sequences, they pay
attention to an unusual criterion, which is a
dichotomy between two classes of codons, say
“type 1 codons” (those that are assumed to be
decoded through Watson–Crick base pairings at the
third codon–anticodon position) and “type 2
codons” (those that require a non-Watson–Crick
interaction at this position). Snapshots of ribosomes
actively translating mRNAs in metazoans suggest
that ribosomes do spend about 2‐ or 3‐fold longer
times decoding type 2 than type 1 codons in their
A site.5 As in the Higgs and Ran model,6 Spencer
et al. propose codon-speciﬁc elongation rates (fast
for type 1 codons and slow for type 2 codons) that
are corrected by tRNA abundance factors.40022-2836 © 2012 Elsevier Ltd. Open access under CC BY-NC-ND licenSpencer et al. extracted the “wild‐type”mRNA for
the luciferase protein in the ﬁreﬂy Photinus pyralis,
and they engineered a few artiﬁcial mRNAs
(mainly, a “fast” mRNA with a maximum number
of type 1 codons, a “slow”mRNA with a maximum
number of type 2 codons, a “popular” mRNA with
the most frequently used codons in Escherichia coli,
and a “harmonized” mRNA in which each wild‐
type codon was replaced by a codon expected to be
of the same type in E. coli).4 The slow mRNA could
not be translated at all, perhaps due to ribosome
stalling, and the other mRNAs were translated at
various elongation rates, in good agreement with
the hierarchy predicted by the author's model.
Protein misfolding is always substantial,3 and it
increases as the elongation rate increases. An
interesting exception is that of the “harmonized”
mRNA that generates, as expected,2,4 much less
misfolding than its wild‐type counterpart, yet both
mRNAs are translated at roughly the same overall
rate. Spencer et al. also conﬁrm4 the old observation
by Bonekamp et al. that the highest elongation rates
are not produced by the most frequent codons.7 Last
but not the least, they ﬁnd that their model well
describes the local elongation rate variations that
they measure during the translation of the “wild-
type” mRNA.
The predictive power of their model is unexpect-
ed. In a recent theoretical attempt, detailed codon-
dependent elongation rates were proposed8 under
the assumption that “competitive, non-speciﬁc
binding of the tRNAs to the ribosomal A site” is
“rate-limiting to the elongation cycle for every
codon (…), due to the tRNAs that do not recognize
the ribosomal A site codon.” Thus, type 1 versus type
2 cognate interactions are irrelevant in this model. In
another recent model,9 the time needed to translate
a codon is dominated by the delay time caused by
the ribosome's handling of near-cognate tRNAs;
thus, slow codons would be codons with “large
near-cognate arrival frequencies”. 9 These two
models are based on different interpretations of
the kinetic description of the ribosomal cycle madese.
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In the ﬁrst case, emphasis was put on non-cognate
interactions, possibly based on early work10 imply-
ing, irrealistically, that non-cognate interactions
lasted almost forever on the ribosomes. In the
second case, Viljoen and co-workers analyzed (in a
mathematically correct way) some consequences of
the Gromadski and Rodnina set of kinetic
parameters11 and deduced that a substantial frac-
tion of the elongation cycle of a codon would be
wasted by the ribosome having a near-cognate
tRNA in its A site (see also the residence time
calculation in Appendix B of Ref. 12).
Historically, the Gromadski and Rodnina model
rests on the assumption of an obligatory “non-
speciﬁc initial binding”, a feature that is not
implausible in itself.11 However, the model implies
without necessity that when a codon–anticodon
association breaks down, the tRNA does not
dissociate from the ribosome. Instead, it steps back
to the initial binding step, where it is fed again into
the processing line.12 This makes the procedure
unnecessarily time consuming and inaccurate. In
addition, due to the interdependence of the kinetic
parameters, Gromadski and Rodnina had to put all
the discrimination burden on forward rates, where-
as most kinetic experiments merely produce ratios
between forward and backward rates.12 Further-
more, direct competition experiments13 provide
rather small residence times for near-cognate in-
teractions, in the 4‐ms range at 37 °C.12 However,
Fluitt et al. argue that their model in which near-
cognate interactions dominate is consistent with a
large number of well-established results, listed at the
end of their article.9 Whether or not Wohlgemuth et
al. still believe in the 2004 set of parameters is not
clear, as they write in a 2010 contribution14 ”In
addition, near-cognate ternary complexes dissociate
rapidly from the ribosome, whereas cognate ones
are bound very tightly”. Alternatively, their resi-
dence time calculations might be wrong.
If experiments such as those of Spencer et al. do
measure local elongation rates reliably, they may
offer a way to distinguish between several ribso-
some mechanisms and contribute to settle key issues
on ribosomal accuracy.4 Ideally, I propose to use
mRNA sequences made of alternating stretches of
low and high elongation rates, as predicted by each
of the alternative models.4,6,8,9 The role of EF-Tu
should be investigated because EF-Tu mutants
behave in a way that is not explained by current
models,15 review in Ref. 12. There are plenty of
ribosomal mutants to study, as well as tRNA
mutants, including the modiﬁed tRNAGlu that
translates codons at a rate of 50 amino acids per
second,16 perhaps an indication that this tRNA may
take a “shortcut” to enter the ribosome cycle.12 I also
suggest the study of tRNAs deﬁcient in the ms2i6A
modiﬁcation (see, e.g., Refs. 17 and 18) since thismodiﬁcation seems to impinge only on a subsection
of the elongation process.References
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